Cleft palate is a frequent and recognizable birth defect attributed to a variety of etiologies including genetic abnormalities and environmental exposures. Bone morphogenetic proteins (BMPs) are involved in embryonic signaling important for a number of developmental processes including bone formation and palate morphogenesis. Recently, haploinsufficency of BMP2 was associated with syndromic forms of cleft palate (CP). Here, we report on a multigenerational family with a history of cleft palate as a result of a 2.3 Megabase (Mb) deletion of chromosome 20p12.3, including the BMP2 gene. In addition to a submucous cleft palate, the proband's clinical phenotype included failure to thrive (FTT), global developmental delays (DD), and dysmorphic features. The affected father exhibited an overt cleft palate, with a facial gestalt and minor dysmorphic features similar to the proband. The father was otherwise healthy with no history of FTT or DD, suggesting high penetrance, yet variable expressivity for haploinsufficiency of BMP2. The findings presented here provide further evidence for the role of BMP2 in syndromic forms of cleft palate.
INTRODUCTION
Orofacial clefting is a frequent and recognizable birth defect with an incidence of approximately 1 in 500 to 1 in 1000 [Croen et al., 1998; Genisca et al., 2009; Jones, 1988] . The relatively high incidence of clefting defects is a reflection of the complexity of palatal morphogenesis and its regulation, which is sensitive to gene dosage effects and environmental factors. Orofacial clefts are classified as either cleft lip with or without cleft palate (CL/P) or cleft palate only (CP), and the etiology of these two clefting defects is considered distinct. Both CL/P and CP arise as isolated defects or in conjunction with other major malformations (syndromic) . Approximately 85% of CL/P cases occur as an isolated abnormality [Genisca et al., 2009] , whereas isolated CP is believed to account for somewhere between 50 and 75% of all CP cases [Croen et al., 1998; Genisca et al., 2009; Jones, 1988] . The syndromic forms of both CL/P and CP have been attributed to a variety of etiologies including chromosomal abnormalities, Mendelian single gene disorders, and environmental factors. Causative genetic mutations have been identified in a number of individuals with syndromic clefting defects, however delineating clear genotype to phenotype correlations for the responsible genes has been difficult due to the genetic heterogeneity of this phenotype.
Bone morphogenetic proteins (BMPs) are important in a number of developmental processes, with their activity in bone formation first being described in 1965 [Urist, 1965] . In addition to critical roles in osteogenesis, BMPs function in heart, kidney, dentin, and eye formation, nervous system development, spermatogenesis, and oocyte development (Reviewed in [Bragdon et al., 2011] ). Haploinsufficiency of bone morphogenetic protein 2 (BMP2) was recently proposed to play a crucial role in the formation of cleft palate [Sahoo et al., 2011] . In this work, two individuals with similar clefting defects were reported to have microdeletions that encompassed only the BMP2 gene. However, prior reports of deletions of 20p12.3 encompassing BMP2 did not describe cleft palate in the affected individuals, but rather described cardiac defects including Wolff-Parkinson-White syndrome and, when the deletion included the JAG1 gene in addition to BMP2, Alagille syndrome [Lalani et al., 2009; Le Gloan et al., 2008; Robert et al., 2007] .
Here, we report on a child exhibiting syndromic cleft palate with a paternally-inherited deletion of chromosome 20p12.3 identified by chromosomal microarray. The father also exhibited cleft palate and shared a facial gestalt and minor dysmorphic features with the proband. This deletion encompasses four known genes including BMP2 and provides further evidence for haploinsufficiency of BMP2 in cleft palate formation.
CLINICAL REPORT
The proband presented to the genetics clinic at age 5 months for a history of dysmorphic features. He was the first child of nonconsanguineous Caucasian parents. He was born after a 37 week gestation, with birthweight of 2608 g (5 th centile), length of 47 cm (10 th centile) and head circumference of 32 cm (5 th centile). At the time of his first visit to genetics, he was noted to have a bifid uvula and microretrognathia and was ultimately diagnosed with a submucous cleft palate. Additional findings at that time included widened palpebral fissures, a long philtrum and digital hypoplasia of second and third toes (Fig 1A, B, C) . A microarray was ordered and revealed an ~2.3 Mb deletion on chromosome 20 involving band p12.3 (see Results).
An initial echocardiogram to rule out midline cardiac anomalies was carried out when the child was 7 months of age and was significant for a patent ductus arteriosus (PDA). A follow-up echocardiogram performed when the child was 1 year 10 months revealed normal results. Given the association of Wolf-Parkinson-White (WPW) with microdeletions at 20p12.3, an electrocardiogram (EKG) was also performed when the child was 1 year 10 months. This revealed a borderline prolonged QT interval. However, repeat EKGs at 2 years 11 months and 3 years 10 months were normal.
The child has a long-standing history of failure to thrive (FTT). On physical exam at 2 years 5 months, weight was 8.3 kg (<3 rd centile, 50 th centile for 7-month-old male), length was 80 cm (<3 rd centile, 50 th centile for 16-month-old male), and head circumference was 43.8 cm (<3 rd centile, 50 th centile for 7-month-old male). On physical exam at 4 years 4 months, height was 87.2 cm (<3rd centile, 50th centile for 2-year-old male), weight was 9.5 kg (<3 rd centile, 50th centile for 10-month-old male), and head circumference was 44.8 cm (<3 rd centile, 50 th centile for 8 month-old-male).
When the child was 1 year 10 months, an MRI of brain was normal. At 2 years 2 months, a complete neurodevelopmental evaluation diagnosed him with receptive and expressive language delays and gross motor delays, consistent with global developmental delays. There is a history of self-stimulatory behaviors including tongue clicking, hand flapping, echolalia, and repetitive speech. There is no history of seizures or staring spells. Additional pertinent medical history includes a normal newborn hearing screen, normal pediatric ophthalmologic exam, and normal renal ultrasound. Thoracolumbar spine films in the first and second years of life were consistent with mild dextroscoliosis of the mid-thoracic spine. Pronounced central incisors were also noted in this child.
The proband's father was noted to have a similar facial gestalt including a long philtrum and pronounced central incisors, a history of cleft palate, sensorineural hearing loss requiring the use of aids, and digital hypoplasia of toes 2-3 bilaterally (Fig 1D, E, F) . There is no history of developmental delays or cardiac abnormalities and his EKG has been documented as normal and specifically with no evidence for WPW. The father reports his general health as good. Interestingly, the proband's paternal grandmother has similar facial features as both the proband and his father; however, medical history was uninformative regarding cleft palate (Fig 1G, H) .
METHODS AND RESULTS
Clinical chromosomal microarray analysis was carried out on genomic DNA isolated from peripheral blood of the proband and his father using a custom-designed oligonucleotide plus SNP array, according to standard protocols (Oxford Gene Technology, Oxford, UK). This array allows the detection of both copy number changes and large stretches of absence of heterozygosity (AOH >10 Megabase (Mb)). The oligonucleotide probes are distributed in a whole genome plus targeted design with an average probe spacing of 25 kilobases (kb) genome-wide and a minimum of 10 probes per targeted gene or region [Baldwin et al., 2008] . Data analysis was carried out using CytoSure Interpret software (version 3.4.8, OGT, Oxford, UK).
We identified a 2.26 Mb (minimum; chr20:6,265,251-8,523,663; build hg18, 2006) to 2.32 Mb (maximum; chr20:6,236,616-8,555,628) deletion of chromosome 20p12.3 in both the proband and his father (Fig 2) . No clinically significant copy neutral regions of AOH were identified. FISH using two BAC clones from the deleted region (RP11-184L8 and RP11-137P21) confirmed the loss as an interstitial deletion in both individuals (data not shown). Both the minimum and the maximum deletion include four known genes: BMP2, HAO1 (hydroxyacid oxidase 1), TMX4 (thioredoxin-related transmembrane protein 4), and PLCB1 (phospholipase C, Beta-1).
DISCUSSION
We describe a boy with a paternally inherited ~2.3 Mb deletion of chromosome 20p12.3 including the BMP2 gene. Both the father and the proband presented with a spectrum of cleft palate, toe hypoplasia, and a similar facial gestalt, including retromicrognathia and a long philtrum. In addition to these overlapping clinical features, the proband presented with a more severe phenotype including global developmental delays and failure to thrive. The size of the deletion in the father and son are exactly the same size at the resolution of the array, which suggests variable expressivity of deletions of this region.
Similar clinical features were recently reported in two individuals with focal deletions including only BMP2 [Sahoo et al., 2011] . These individuals presented with cleft palate, digital anomalies, and facial features including a long philtrum, with the facial gestalt of Patient 1 bearing a striking similarity to the father and son described in this report. Individuals with larger deletions of 20p including BMP2 have also been described with related features including high arched palate, bifid uvula, FTT, global DD, digital anomalies, and a facies including long philtrum [Anad et al., 1990; Shohat et al., 1991; Robert et al., 2007; Kamath et al., 2009 ].
An additional phenotype reported in some individuals with 20p deletions is WolffParkinson-White (WPW) syndrome, a pre-excitation syndrome of the heart [Anad et al., 1990; Le Gloan et al., 2008; Shohat et al., 1991; Lalani et al., 2009] . Lalani et al., report a de novo deletion encompassing only BMP2 in one individual with WPW, as well as a maternally inherited deletion encompassing BMP2 and one other gene in a male infant with WPW and dysmorphisms, including macrocephaly and a long philtrum. His mother did not have features consistent with WPW by EKG. There was no indication of WPW in the two individuals reported in the current study, nor was there any indication of WPW in the three patients in Sahoo et al., [2011] . Furthermore, neither mutation analysis in 20 individuals with WPW nor animal models, have uncovered a role for haploinsufficiency of BMP2 in WPW [Lalani et al., 2009] . Therefore, the WPW phenotype may be incompletely penetrant in cases of BMP2 haploinsufficiency, or haploinsufficiency of other dosage-sensitive genes on 20p or elsewhere may account for the observed WPW.
BMP2 is well known to play a critical role in bone formation, as well as being implicated in a wide range of functions in morphogenesis, including palate morphogenesis. Animal studies have demonstrated the expression of Bmp2 and Bmp4 in palatal shelves [Lyons et al., 1990] and the in vitro application of BMP2 increases cellular proliferation in the mandibular primordial [Barlow and Francis-West 1997] . BMP2 and its signaling pathways also play important roles in neurogenesis, as evidenced by the wide-spread expression of BMP2 and its receptor proteins, in the developing brain [Furuta et al., 1997; Sato et al., 2010; Zhang et al., 1998 ]. Abundant expression of BMP2 is also seen in the adult CNS, particularly in the olfactory sensory neurons [Sato et al., 2010] . A normal sense of smell was noted in both the proband and his father indicating that haploinsufficiency of BMP2 does not affect olfactory reception. Further studies are required to elucidate the precise role of BMP2 signaling in neurodevelopment. BMP2 signaling results in diverse outcomes depending on factors including the developmental stage, the cell population and the expression of other BMPs [Lim et al., 2000; Mabie et al., 1999; Nakashima et al., 2001 ]. This varied outcome may explain the variable expressivity of the phenotype seen in individuals with loss-of-function mutations of BMP2. Moreover, the widespread expression of BMP2 in cells of skeletal, neurological, cardiac, as well as other tissues supports the pleiotrophic effects of BMP2 haploinsufficiency.
Three additional genes are included in the deleted region in our patient: HAO1 (hydroxyacid oxidase 1), TMX4 (thioredoxin-related transmembrane protein 4), and PLCB1 (phosphoinositide-specific phospholipase C beta 1). HAO1 (also HAOX1 or GOX) is expressed primarily in liver and pancreas and encodes a protein capable of oxidizing gylcolates and other 2-hydroxyacids [Jones et al., 2000] . TMX4 is a newly identified thioredoxin that is hypothesized to assist in protein folding in the endoplasmic reticulum [Sugiura et al., 2010] . A homozygous deletion of PLCB1 was reported in one individual with early-onset epileptic encephalopathy, with both unaffected parents carrying a heterozygous deletion [Kurian et al., 2010] . The lack of a clinical significance of haploinsufficiency of these three genes, along with the absence of a clear mechanistic link between gene function and craniofacial development, implicate BMP2 as the most likely critical gene in the deleted region.
The high penetrance of BMP2 deletions is demonstrated by the presence of some physical manifestation in a four generation family [Sahoo et al., 2011] , as well as the presence of related clinical manifestations in two, possibly three, generations in this report. Although the penetrance and expressivity of haploinsufficiency of BMP2 cannot be determined until more cases are collected, the data presented here in conjunction with previously published reports strongly suggest a role for haploinsufficiency of BMP2 in cleft palate, as well as digital anomalies and consistent dysmorphisms, including long philtrum and retrognathia. Therefore, studies of individuals with cleft palate plus these additional phenotypes may warrant BMP2 gene testing. Chromosomal microarray analysis of the proband revealed a ~2.3 Mb deletion of chromosome 20p12. 3 (chr20:6,265,251-8,523,663; build hg18, 2006) . The relevant region of chromosome 20 with the genomic coordinates is shown above the microarray results for the proband. The black dots represent probes with normal Log2 ratios and the red dots represent probes with Log2ratios meeting our criteria for losses (Log2 ratio≤ −0.5). A comparison to previously reported microdeletions of 20p12.3 that include BMP2 and are less than 3 Mb in size [Sahoo et al., 2011 and Lalani et al., 2009 ] is also shown. The red and gray rectangles represent the minimum deleted region for the current case (red) and previously reported cases (gray). UCSC genes are shown as blue bars and labeled with the gene symbol. Note that scale is approximate.
